For controlled caffeine release, light-responsive membranes were developed. It was possible to produce membranes that reduced their caffeine permeability resistance by about 97% when irradiated with UV-light compared to measurements at daylight. This was achieved by grafting polymers possessing photochromic units onto track-edged polycarbonate membranes. Covalently linked coatings on porous polycarbonate membranes were obtained by plasma activation of the membrane surface followed by plasma-induced graft polymerization. Copolymerization of spiro-compounds during the coating process as well as postmodification of preformed coatings with spiropyran resulted in photochromic membranes. For the copolymerization process, the synthesis of five photochromic methacrylic and acrylic spiropyrans and spirooxazines was successfully performed. Additionally, a spiropyran with carboxylic acid functionality was synthesized for the postmodification process. This enabled us to postmodify polymeric materials containing alcohol or amine groups to obtain photochromic materials.
Introduction
Preterm neonates show an increased risk of apnea since their respiratory system is not fully developed yet. 1,2 Schmidt et al. applied caffeine to preterm neonates to prevent and treat apnea. 3 This caffeine treatment resulted in an increased rate of survival without disability of preterm neonates. 3 Caffeine is known for its ability to penetrate skin quite easily. 4, 5 The skin of preterm neonates represents only a minimal hindrance for caffeine directly aer birth due to the undeveloped stratum corneum. This eases the transdermal caffeine delivery. The caffeine-concentration in the body aer transdermal drug delivery is not only inuenced by the rate of caffeine delivery, but also by the resistance of the skin towards caffeine. Since the skin properties of neonates change rather rapidly and the resistance towards caffeine increases over time, it is not suitable to develop a transdermal caffeine delivery system with a xed delivery rate. 6, 7 There is also a major deviation in skin resistance comparing the skin of different patients. 8 A device adapting its caffeine-delivery rate triggered by an external stimulus represents a suitable solution for the problem with different and changing skin resistances. 9, 10 Changing the delivery rate of the setup allows compensating the change in skin resistance.
For a transdermal drug-delivery setup, it is important to choose exible and mechanically stable materials that allow a tight contact with the skin without limiting the agility of the person and without being damaged upon movements of the patient and which are biocompatible. A good candidate that fulls all these requirements are thin track-edged polycarbonate (PC) membranes. [11] [12] [13] Triggered and reversible changes of material properties can be achieved by integrating molecular switches into materials. Molecular switches as well as adaptive materials have been reported intensively. [14] [15] [16] Temperature, 17 pH, 18 chemical stimuli, 19 and light [20] [21] [22] [23] [24] [25] are known to be suitable triggers for adaptive materials. The focus of this investigation was set on light-responsive materials. Light can be applied rapidly, remotely and reversibly at the outer face of the body. Additionally, light is a clean stimulus that can easily be focused on small and dened areas. A plasma-induced photochromic surface coating with spiropyran has been reported to adjust the ow of a methanol-water-mixture through a light responsive PTFE-membrane. 26 More solution was owing through the membrane under UV-irradiation than at daylight. 26 We recently showed that spirobenzopyran doped membrane surfaces regulate the permeability resistance of aqueous solutions. 25 Spiropyran (SP) and spirooxazine (SO) are well known photochromic molecules. UV-irradiation of spiropyran or spirooxazine induces a heterolytic ring-opening reaction leading to a polar and coloured merocyanine (MC) state. Illuminating the MC-structure with visible light triggers the ring-closing reaction back into its initial SP-state. The surface tension of a SP containing coating depends on the actual state of the spiropyran. If spiropyran is in its nonpolar SP-state, the coated surface is rather hydrophobic. If spiropyran is switched into its MC-state, the surface becomes more hydrophilic. 27 In order to improve the long-term stability of the membranes, a spirooxazine-containing photochromic coating for porous materials was developed for the rst time.
A powerful and easy process to obtain covalently bound coatings on membranes is to activate the membrane surface by a plasma treatment followed by a plasma-induced gra polymerization. 28 Plasma modication has some advantages compared to other surface technologies. It is a fast, dry and environmentally friendly technology, which has become an important process step in many industrial elds. It enables the tailored surface-functionalization of polymers, while maintaining their desirable bulk properties. [29] [30] [31] Besides the creation of active surface species, cleaning of the surface is an additional benecial effect, which makes plasma a promising approach for creating homogenously coated polymer-surfaces in a reproducible manner. 28, [32] [33] [34] Two strategies are possible to create photochromic coatings based on a plasma initiated polymerization process. The rst strategy includes the creation of a surface-graed polymeric coating with functional side chains followed by a post-modication of these functional side chains in a separate reaction step. 35, 36 The second strategy is the random gracopolymerization of photochromic monomers with the main monomer in a one-step approach. 26 Previous work showed that coatings with different hydrophilicity resulted in membranes with different permeability resistances. 37 A modest impact of the hydrophilicity on the permeability resistance was found for coatings with contact angles below 80 . A more prominent impact was observed for coatings with a contact angle above 80 . Therefore, poly-2hydroxyethyl methacrylate (pHEMA) (CA ¼ 90 ), poly-2-hydroxyethyl acrylate (pHEA) (CA ¼ 95 ) and polymethyl methacrylate (pMMA) (CA ¼ 105 ) are expected to be promising candidates for photochromic coatings with switchable permeability resistances. As previously reported, poly 2-aminoethyl methacrylate (pAEMA)-coatings can be easily postmodied with carboxylic acids functionalized molecules. 31 Therefore, pAEMA was investigated as well despite its low contact angle for the homocoating (60 ).
The goal of this study was the development and characterization of light-responsive track-edged membranes with a signicant change of the caffeine permeability. Furthermore, through the closed state of the membrane should only pass small amounts of caffeine, which means that a caffeine permeability resistance of more than 50 000 s cm À1 was desired for the closed state.
Experimental

Materials and general methods
Ethanol (EtOH, absolute, 99.0%, dried over molecular sieve), dichloromethane (DCM, 99.8%, dried over molecular sieve) and toluene (Tol, 99.8%, dried over molecular sieve) were purchased at Acros. Acetonitrile (MeCN, HPLC grade) was delivered by Fisher Chemical. Hexane (Hx, 99%) was obtained from Biosolve. Methanol (MeOH, 99%, dried over molecular sieve), 2-butanone (MEK, 99.0%), tetrahydrofuran (THF, 99.8%, dried), 2-hydroxyethyl methacrylate (HEMA, 97%), 2-hydroxyethyl acrylate (HEA, 96%) methyl methacrylate (MMA, 99%), 2-aminoethyl methacrylate (AEMA, 90%), N,N-dicyclohexylcarbodiimide (DCC, 99%), dimethyl aminopyridine (DMAP, 99%), ethyl acetate (EtOAc, puriss) and aluminum oxide (Type CG20) were obtained from Sigma Aldrich. Caffeine (reagent plus) and tert-butylmetylether (TBME, 98%) was purchased at Fluka. Poly(bisphenol A carbonate) from Sigma Aldrich was used for the PC coatings. All chemicals, unless stated otherwise, were used as delivered without further purication. Deionized water was obtained from the in-house purication system. Polycarbonate (PC) membranes cyclopore track etched (TE) (0.2 mm pore diameter) were purchased at Whatman. Argon (99.9995%) and Oxygen (99.9995%) were purchased at Alphagaz. For weighing, a Mettler Toledo AB204-S was used. Ultraviolet and visible (UV/VIS) absorption measurements of solutions were performed on a Varian 50Bio/50MPR. Scanning electron microscopy (SEM) pictures were recorded on a Hitachi S4800. All SEM-samples were coated with a gold layer of about 3 nm. Pore diameters were determined by measuring 30 pores of each sample. Only single round-shaped pores that were not fused to other pores were therefore considered. X-ray photoelectron spectroscopy (XPS) was performed on a PHI 5600 spectrometer. Investigated emission angle was 45 . XPS data were analysed using the program CasaXPS.
Preparation of monomer solutions
To remove inhibitors, HEA and HEMA were dissolved in water and washed with hexane. Subsequently, the aqueous phase was saturated with sodium chloride and extracted with Et 2 O. The organic layers were dried over MgSO 4 . Aer removing the solvent, the monomer was distilled under reduced pressure. 38 Inhibitor of MMA was removed by column chromatography over aluminium oxide. AEMA was used as delivered.
For postmodications (PM). 30 mL of a 0.62 M methanolic solution of the monomer was placed in the round-bottom ask and degassed for 1 hour by argon bubbling. Spirocompounds were introduced in a postmodication step described below.
For copolymerization (CP). Different amounts of SP2, SP3, SP5, SP6 or SO2 were dissolved in the monomer solution described above.
Coating of PC membranes
Two membranes were positioned in the plasma chamber next to each other, with the shiny side of the membrane pointing to the gas phase. The chamber was evacuated and purged for four hours with 15 sccm argon and 2.5 sccm oxygen until a constant gas ow was obtained. Aer the plasma was initiated at 25 W, the power was immediately reduced to 12 W. Aer 4 minutes of plasma treatment, the power and the gas ow were switched off and the chamber was evacuated. Aerwards, the chamber was ooded with the prepared monomer solution and subsequently lled with argon. The ooded chamber was then stored for 12 hours at 20 C in a conditioned room. Aer removal of the le-over monomer solution, the membranes were washed with ethanol and water in an ultrasonic bath for 5 minutes each to remove residual monomers. Finally, the membranes were dried in vacuo over molecular sieves for at least 2 hours before being analysed. 37 
Postmodication of coated PC membranes
For pHE(M)A coated membranes. A round-bottom ask was equipped with a stirrer and a protecting grid. The ask was dried and ooded with argon. SP4 (100 mg, 0.27 mmol), DCC (55 mg, 0.27 mmol), DMAP (33 mg, 0.27 mmol) and 12 mL TBME were added to the ask. The coated membrane was added and the whole mixture was gently stirred at room temperature for 12 hours. Aer the postmodication, the membranes were washed with TBME, ethanol and water in an ultrasonic bath for 5 minutes each. Finally, the membranes were dried in vacuo over molecular sieves for at least 2 hours before being analysed.
For AEMA coated membranes. As described above but without DMAP.
Permeability measurements
All measurements were performed in a Franz diffusion-cell purchased from SES Analyse Systeme with a receptor volume of 12.0 mL and an orice area of 1.77 cm 2 . Mass transfer rates of caffeine were measured under UV irradiation (366 nm, 15 W m À2 ) and at daylight (DL). Aer lling the receptor chamber with water (12.0 mL), the membrane was xed in the diffusion cell. The donor chamber was charged with a caffeine solution (20 mM; 3.0 mL). Samples (200 mL) were collected from the receptor part of the cell aer 1, 10, 20, 30, 45, and 60 minutes. The caffeine concentration of these samples were assigned by measuring its UV absorption at 293 nm.
Resistance R of a membrane was calculated according to Fick's law using the formula
where Dc represents the difference of caffeine concentration comparing the donor compartment with the receptor part of the Franz cell. Dc was assumed to be constant over the time frame of the measurement. F was the molecular ux in amount per time per area. Permeability measurements for all treated membranes were performed directly aer the production. Photochromic membranes were stored at ambient conditions unless stated otherwise.
Contact angle measurements
All measurements were performed on a Krüss G10. A membrane was xed with a standard tape on a metal O-ring. A drop of nanopure water (3.3 mL) was positioned on the part of the membrane surface that was not in contact with the O-ring. For measuring the impact of SP on the surface tension of the membrane, the CA was measured rst at day light. Then the membrane was illuminated with UV-light (366 nm, 80 W m À2 ) for 1 minute and the contact angle was measured again. For measuring the repeatability of switching the surface tension, the membrane was illuminated with white light (500 W bulb) until no colouration was visible anymore before the contact angle was measured again. This cycle was repeated at least three times. The method allowed measurement with an accuracy of AE2 .
Solid state UV/VIS measurements
All measurements were performed on a Lambda 9 (Perkin Elmer) in reection mode. UV illumination was always at 366 nm with an intensity of 80 W m À2 . The untreated membranestored at daylightwas used for the base line measurements. Aer illuminating the membrane for 1 minute with UV light, the spectrum of that membrane was measured and the maximal absorbance was detected. The membrane was then illuminated with UV-light for ve more minutes. Aerwards, the absorption at the assigned maximum was measured over a time span of 90 minutes to obtain information about the ring-closing kinetics of the spiro-compounds under dark conditions at room temperature. Subsequently, the membrane was illuminated for 5 hours with UV-light. Aer 15, 30, 45, 60, 90, 120, 180 and 300 minutes, the absorption at the assigned maximum was measured to obtain information about the speed of decomposition of the spiro-compounds (fading rate) under UV-irradiation. A linear t was applied as an approximation. For fading rates, the measurements of the rst 60 minutes were considered for the linear tting. For ring closing rates, all measurements between minute 20 and 40 were considered for the estimation of the reaction speed.
Amount of spiropyran on the membrane
A coated PC membrane was completely dissolved in DCM. The UV-absorption at 375 nm was caused by spiropyran and the amount of spiropyran that was incorporated during the modi-cation of the membrane was determined at this wavelength. For the calibration, the corresponding spiropyran-monomer was dissolved in DCM together with an untreated PC membrane (SP2 and SP3: 3 375 ¼ 245 cm À1 M À1 , SP4, SP5 and SP6: 3 375 ¼ 226 cm À1 M À1 and SO2: 3 375 ¼ 300 cm À1 M À1 ).
XPS experiments
XPS analysis was performed using a PhI5000 VersaProbe spectrometer (ULVAC-PHI, INC.) equipped with a 180 spherical capacitor energy analyzer and a multi-channel detection system with 16 channels. Spectra were acquired at a base pressure of 5 Â 10 À8 Pa using a focused scanning monochromatic Al-Ka source (1486.6 eV) with a spot size of 200 mm, scanning an area of 1000 Â 500 mm. The instrument was run in the FAT analyzer mode. The pass energy for survey scans was 187.85 eV and 46.95 for detailed spectra. Charge neutralisation using both a cool cathode electron ood source (1.2 eV) and very low energy Ar + -ions (10 eV) was applied throughout the analysis. Data were analyzed using the program CasaXPS (Version 2.3.15 http://www.casaxps.com). The signals were integrated following Shirley background subtraction. Sensitivity factors were calculated using published ionization cross-sections corrected for attenuation, transmissionfunction of the instrument and source to analyzer angle. 39 As a result, the measured amounts are given as apparent normalized atomic concentration and the accuracy under the chosen condition is approximately AE10%. For the model system thin PC lms were produced by spin-coating a 0.5 wt% solution of PC in dichloromethane with 3000 rpm on Si-wafers followed by plasmainduced polymerization of HEMA according to the described procedure (coating of PC membranes).
Multiphoton microscopy
For multiphoton microscopy, a Nikon A1R-MP microscope was used equipped with a Chameleon Ultra II (Coherent) femtosecond pulse laser. PC membranes with pore diameters of 0.2 mm and 1.0 mm were used for this analysis. The membranes were submerged in water and imaged using a 1.4 NA, 60Â oilimmersion objective (Nikon) through a cover glass at 800 nm excitation. The uorescence signal of the spiropyran was detected with a non-descanned photomultiplier tube (with a lter block at 561 nm centre wavelength, 50 nm width). To assure that the measured uorescence really originated from spiropyran, an original PC membrane, a plasma-treated PC membrane, and a pHEMA-coated PC membrane were measured before analyzing the SP-containing PC membranes.
Results and discussion
Synthesis of photochromic spirocompounds
Synthetic details for all reactions can be found in the supporting information (see ESI †). The most prominently reported spiropyran including a monomeric unit is methacrylate SP2. [40] [41] [42] Since copolymerization of spiropyran was not only planned with methacrylates but also with acrylates, molecule SP3 was synthesized similarly. The three step syntheses were performed with an overall yield of 23% (SP2) and 56% (SP3) (Scheme 1). Replacing acetonitrile as reported in two published syntheses 41, 43 by toluene increased the yield of the rst step signicantly. Using piperidine as base for the condensation of benzaldehyde 4 with indoline salt 3 resulted in a slightly higher yield of spiropyran SP1 than using triethylamine.
Spiropyran SP5 is a known photochromic monomer. 44 Structure SP6which cannot be found in literaturewas synthesized similar to molecule SP5. The three step syntheses were performed with an overall yield of 39% (SP5) and 36% (SP6) (Scheme 2). Using piperidine as base for the in situ deprotonation resulted again in slightly higher yields than using triethylamine.
Molecules SP1, SP2, SP3, SP4, SP5 and SP6 were all photochromic substances at room temperature. Changes in length, structure or position of the linker from the spiropyran-unit to the (meth)acrylic unit can have a signicant impact on the photochromic behaviour of spiropyrans. 45 Spirooxazine SO2 was synthesized in 3 steps as reported in literature. 46 This synthetic approach gave an overall yield of 36% (Scheme 3).
Postmodication
Homopolymerization was conducted with three different monomers with functional side chains. 37 The aim was the introduction of either alcohols or amines on the surface of the PC membrane for the further reaction with the carboxylic acid group of SP4. It was possible to covalently link SP4 (Scheme 2) to the pHEA-, pHEMA-and pAEMA-coated membranes by creating an ester-or an amide-bond (Scheme 4). This postmodication (PM) with spirobenzopyrans transformed the homopolymercoated membranes into photochromic membranes. UV-irradiation of the membrane resulted in a deep-blue colouration of the irradiated membrane ( Fig. 1) .
SEM-pictures showed that the plasma-induced gra polymerization caused an increase in pore diameter from originally 0.20 AE 0.02 mm to 0.25 AE 0.03 mm. 37 The postmodication process on the other hand had no detectable effect on the pore size. XPS measurements showed only very little changes comparing postmodied membranes with coated membranes (see ESI †). The N-signal corresponding to the spiropyran structure was not detected when SP was graed onto the pHEA and pHEMA coatings respectively. However, for the pAEMAcoating, the amount of nitrogen and oxygen was lowered aer reacting with SP, while the signal of C1s was signicantly increased. This is a clear sign of the increased reactivity of the carboxylic group with the amine functionality compared to the free alcohol groups of the pHE(M)A coatings. Furthermore, XPS experiments revealed a higher surface density of amino functionalities aer pAEMA coating than of alcohol functionalities aer pHE(M)A coatings of the PC membrane. Due to the rough membrane surface and the coating thickness of bellow 10 nm, a mixture of the PC matrix and the coating was always measured, which made a quantitative analysis impossible. The layer thickness was estimated using a model system, which consisted of a thin spin-coated polycarbonate lm on a silicon wafer, which was coated using the same parameters than for the membrane coating. Multi-angle XPS experiments revealed a coating thickness of 1-2 nm for the copolymerized samples (see ESI †).
Since the amount of incorporated SP4 could not be quantitatively determined using XPS experiments, UV/VIS absorption measurements at 375 nm aer dissolving the coated PC membrane in DCM were performed ( Table 1 ). The most spiropyran was bound to the pAEMA coating. pHEA-coating incorporated about the same amount of SP4 as the pHEMAcoating.
The different amounts of SP4 found on the pAEMA-coated membrane can be explained by the higher reactivity of amines compared to alcohols and by the presence of more functional groups on the surface of the pAEMA-coated membrane, as revealed by XPS experiments. The polymer coating and the additional SP functionalization had a signicant effect on the contact angle measurements. By this means a decrease in surface tension for all photochromic coatings under UV-irradiation was measured compared to its surface tension at daylight (Table 1) . pHEMA-SP4 was the least hydrophilic coating, changing its contact angle by 10 aer irradiation with UV light. pHEA-SP4 showed an intermediate contact angle of 95 and a change of 10 . pAEMA-SP4 turned out to be the most hydrophilic coating with the most pronounced change in contact angle of about 25 . This CA-switching can be repeated for at least three entire cycles with recovering the initial values for all reported coatings.
For the pHE(M)A-SP4 coatings, the caffeine permeability resistance was lower under UV-irradiation than at daylight ( Table 1 & Fig. 2 ). The largest switching potential concerning caffeine permeability resistance (97%) was found for the pHEMA-SP4 coating. Postmodication of the pHEA-coating provided a smaller but still evident change in caffeine permeability resistance. Postmodication of the AEMA-coating resulted in a photochromic membrane but the caffeine permeability resistance changed only little and a reversed switch was obtained.
Copolymerization
A one-step approach for the production of photochromic membranes was successfully developed. Instead of creating a pHE(M)A or a pAEMA coating followed by a postmodication step, spiropyran was functionalized with an acrylate or methacrylate group and randomly copolymerized with the main coating monomer in a graing-from process in a single step (Scheme 5). UV-irradiation aer the one-step coating process induced again a deep-blue colouration of the irradiated membrane, similar to the postmodied membrane showed in Fig. 1 .
As for the postmodied membranes, SP-modied pHEMA coatings showed the largest change in permeability resistance ( Table 2 ). Therefore pHEMA copolymers were chosen for the following investigation. The coating process remained unchanged except for the amount of SP2. The impact of changing the amount of SP2 was found to be rather small. The largest change of permeability resistance was achieved for a concentration of 25.0 mM SP2 ( Table 2 ). The amount of incorporated spiropyran was correlated to the switching potential of the membrane. More incorporated spiropyran resulted in a higher switching potential. Unexpectedly, the amount of incorporated spiropyran was not correlated to the concentration of spiropyran in the reaction mixture.
To study the inuence of the linker length between SP unit and polymer coating on the membrane properties, the amount of spiropyran and comonomer was remained unchanged. For the copolymerization with HEA, the acrylic derivative of the corresponding spiropyran was used, whereas for approaches with HEMA the methacrylic derivative was copolymerized. It can be seen from Table 2 that using longer linkers (SP5 and SP6) resulted in an increased amount of incorporated spiropyran. A long linker allowed spiropyran to be rather far away from its reactive acrylic unit. This lowered the steric hindrance of the reactive side and facilitated the incorporation into the polymer coatings. Nevertheless, HEA in combination with the short linked SP3 resulted in the biggest change in permeability resistance followed by the HEMA coating with short-linked SP2, although less SP was incorporated. The increased linker length led to a decreased permeability resistance of the membrane.
In addition a dependence of the linker length of spiropyran on the elemental composition was found. If spiropyran with a long linker (SP5, SP6) was copolymerized, higher oxygen content and lower carbon content were detected. As for the postmodied coatings, it is assumed that the XPS signals resulted from a mixture of PC matrix, copolymer and spiropyran. Although XPS measurements showed a change in elemental distribution on the membrane surface before and aer the plasma induced polymerization, FTIR-and NMR-measurements did not provide any meaningful data.
Lower surface tension was measured for all samples under UV-irradiation than under daylight, which can be correlated to the switching of spiropyran into its more hydrophilic MC-state. But the changes in permeability resistance showed no linear dependence on the contact angle changes as reported for homopolymer coatings, 37 which might be due to the more complex morphology of the SP containing coatings or additional chemical interactions between SP and caffeine. The comonomers had also an inuence on the membrane properties ( Table 2) . Surface-induced copolymerization of methyl methacrylate (MMA) with SP2 resulted in photochromic membranes (colour change) but no change of permeability resistance was found when irradiated with UV-light. It is known from literature that low free volume caused by high rigidity of a pMMA results in reduced switching of photochromic molecules. [47] [48] [49] As for the postmodied membranes, using AEMA as copolymer resulted in a membrane with only very little change in permeability resistance. Error margins showed that this change was not signicant. Highest switching potential for all studied SP-copolymerized coatings was provided by copolymerization of HEA with SP3.
Not only spiropyrans but also spirooxazine SO2 was copolymerized with HEMA. The resulting photochromic membrane showed a slightly higher switching potential concerning the caffeine permeability resistance compared to its spiropyran analogue SP2 (Table 3 ). The incorporated amount of spirocompounds was very similar. Copolymerization of SO2 resulted in a lower surface tension at daylight as well as under UV-irradiation indicating that SO2 is more hydrophilic than SP2.
A dependence of the linker length of spiropyran on the elemental composition was found. If spiropyran with a long linker (SP5, SP6) was copolymerized, higher oxygen content and lower carbon content were detected. As for the postmodied coatings, it is assumed that the XPS signals resulted from a mixture of PC matrix, copolymer and spiropyran. Although XPS measurements showed a change in elemental distribution on the membrane surface before and aer the plasma induced polymerization, FTIR-and NMR-measurements did not provide any meaningful data.
Multiphoton microscopy
Multiphoton microscopy allowed the localization of spiropyran in and on the porous membranes. A solely pHEMA-coated PC membrane did not show any uorescence between 510 nm and 670 nm when irradiated with an 800 nm femtosecond pulse laser. Since the pHEMA coated membrane showed no auto-uorescence, the uorescence of the SP-coated membrane was assigned Scheme 5 Copolymerization of HEMA and SP5 on a plasma-activated PC surface. to the SP unit. 50 The red uorescence was measured on the surface of the membrane and on the inner pore walls (Fig. 3 ). By this means it was assured that the spirobenzopyran was located on the outside of the membrane and did not penetrate into the inside of the PC matrix. However, membranes with 1000 nm pore diameters were necessary to detect the pores. By using the membranes discussed in this study with pore diameters of 200 nm, no pores could be detected (Fig. 4) . However, the depth prole of the membranes showed a clear difference between the copolymerization and the postmodication procedure ( Fig. 4 ). While the uorescence on the copolymerized membranes was detected through the entire membrane, spirobenzopyran was only detected in the rst 2-3 mm of the postmodied membranes with the highest density on the membrane surface. TBME as a non-polar solvent could not diffuse through the entire membrane and therefore reaction occurred only on the pore walls close to the membrane surface during the postmodication process.
Solid state UV/VIS measurements
To obtain information about the stability of the different photochromic coatings, the absorptions of photochromic membranes were measured aer different time spans under UV-irradiation. Additionally, ring-closing kinetics under dark conditions were measured for the different coatings. A slow ring-closing kinetics allows using a pulsed instead of a permanent UV-irradiation to keep spiro-compounds in their MC-state. Using a pulsed UV-irradiation would lower the overall irradiation dose that reaches the membrane, which leads to less fading of the photochromic substance. Therefore, less UV-irradiation would extend the operating time of the membranes. As shown in Fig. 5 and 6 , the postmodied membranes were more stable and showed slower ring-closing kinetics compared to the copolymerized membranes. Comparing the data of the stability measurements showed a fundamental difference from postmodied to copolymerized membranes. Whereas the postmodied samples showed a slow fading rate at the beginning and an increase over time (Fig. 5 ), the copolymerized samples showed a higher, constant fading rate at the beginning with a decrease towards the end of the measurement (Fig. 6) .
Since fading and ring closing reactions did not follow a known reaction mechanism, 51,52 and the measured kinetic curve shapes varied for the different coatings, it was not possible to apply an appropriate model to exactly quantify the processes. To qualitatively compare the different membranes, a linear t was applied assuming zero-order kinetics. As can be seen from the standard deviation in Table 4 , the linear t was a satisfactory approximation. For fading rates, the measurements of the rst 60 minutes were considered. The slopes of all linear ts are summarized in Table 4 .
High fading rates indicated fast decomposition of the spirocompound on the membrane. Large slopes for ring-closingkinetics indicated that the spiro-compounds underwent a fast ring-closing reaction. There were no evident differences in fading rates between the two different linker lengths (SP2/3 and SP5/6) and between pHEMA-and pHEA-coatings when comparing the copolymerized samples. Considering the post-modied membranes, the pHEA-coated sample showed a faster ring-closing kinetics than the pHEMA-coated membrane. From all prepared samples, the pHEMA coating postmodied with SP4 showed the lowest fading rate and the lowest ring closing kinetics. Spirooxazine SO2 hadcompared to Spiropyran SP2a slightly higher stability and a faster ring-closing-kinetics (Table 4) . Surprisingly, stability measurements showed clearly that the method of production had a higher impact on the stability of the photochromic membranes than substituting spiropyrans by spirooxazines.
Conclusion
Spiropyrans and spirooxazine with different functionalities and linker length were synthesized. It was possible to transform pHE(M)A and pAEMA coatings in a postmodication step into photochromic coatings by linking spiropyran to functional sidechains. Switching spiropyran from one state into another state inuenced the caffeine permeability rate due to changed wettability properties of the pores. Photochromic coatings were also directly applied to polycarbonate membranes in a copolymerization process. Comparing postmodied and copolymerized membranes showed that postmodied membranes had larger switching potential concerning caffeine permeability. Furthermore, postmodied membranes showed lower fading rates. The slow ring-closing kinetics of postmodied membranes would allow using a pulsed UV-irradiation. This increases the operating time of the membranes. Summing it up, postmodied pHEA and pHEMA coated membranes showed the most promising results for the use in a drug release system.
The femtosecond pulse laser could be used in future to replace the UV light to trigger the ring-opening reaction and thus to avoid harmful UV light. Fading-rate measurement (left) and ring-closing reaction kinetics measurement under dark conditions (right) of a copolymerized, pHEA-SP6-coated PC membrane. Reflection (r in %) of the membrane at l max was measured over time. Table 4 Kinetics of ring closure reaction, stability of SP/SO under UV-irradiation and l max for plasma-coated photochromic membranes. All copolymerized membranes were produced with 25.0 mM SP in the reaction mixture
